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Abstract
Recently, the IEA Greenhouse Gas R&D Programme and U.S. Department of Energy commissioned the Energy & 
Environmental Research Center to address concerns related to the validity of volumetric techniques for estimating the CO2
storage efficiency of saline formations. Two deep saline systems were compared using volumetric and dynamic storage resource 
estimation methods. Results indicate that volumetric estimates are valid and nearly equivalent to dynamic results, provided that 
boundary conditions are properly considered and a sufficient number of injection wells and duration of injection are used. For
short time frames (e.g., 50 years of injection), volumetric estimates may be optimistic.
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1. Background
Strategies are being considered to reduce anthropogenic carbon dioxide (CO2) emissions as concern continues to 
mount over climate change. One method under consideration is CO2 storage in deep saline formations (DSFs);
however, in order to make significant reductions in annual CO2 emissions, millions of tonnes must be stored each 
year. This reality has caused concern to be raised over whether or not sufficient storage capacity exists in DSFs. As a 
result, much work has been done to develop methods to estimate the CO2 storage capacity, or CO2 storage resource 
potential, of DSFs [1–16]. In addition, work has been done to estimate the storage capacity of geologic formations 
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and basins [17–20]. While the existing methods may be excellent for comparing the storage potential between 
particular formations or basins, or performing high-level reconnaissance estimates, a consistency between methods 
and validation through real-world experience or full-formation injection simulations is lacking. In addition, most of 
the current methodologies are based on volumetric approaches that are not able to account for the effect of site-
specific dynamic factors such as injection rate, injection pattern, timing of injection, well spacing, and pressure 
interference between injection locations. As a result, these methodologies may over- or underestimate the effective
storage resource potential in DSFs. Numerical simulation can be used to evaluate estimates of the effective storage 
resource potential of DSFs by addressing the dynamic effects involved with multiple large-scale CO2 injections. 
While several studies have investigated the use of numerical simulation for determining the dynamic storage 
capacity of DSFs, these studies have not examined scenarios of injection into the entire saline formation but instead 
have focused on looking at pressure interference between injection sites, pressure buildup or relief, and brine 
migration within the same formation [21–24]. In response to concerns over the validity and applicability of current 
CO2 storage resource methodologies, the Energy & Environmental Research Center, in collaboration with the IEA 
Greenhouse Gas R&D Programme (IEAGHG) and the U.S. Department of Energy, conducted two case studies 
comparing the volumetric storage resource with that estimated using numerical simulation (i.e., the dynamic storage 
resource). The upper Minnelusa Formation in the Powder River Basin of the United States and the Qingshankou and 
Yaojia Formations in the Songliao Basin of northeast China were chosen as representative examples of open
(Minnelusa) and closed (Qingshankou–Yaojia) systems.
2. Methodology
For each case study system, a geologic model was constructed and a volumetric and dynamic storage resource 
estimate was determined. To construct the geologic models, an extensive literature review was performed. 
Characterization data were compiled on the selected formations from each basin. Data were retrieved from existing 
structure contour maps, isopach maps, facies maps, geophysical wellbore logs, core analysis data and general 
geological interpretation. Following site characterization, geologic properties were compiled into a database and a 
modeling workflow was followed to first build a structural framework. A petrophysical analysis was used to 
determine shale volume and then a facies property. Porosity, permeability, and other properties were directly 
correlated to each facies and geostatistically populated into the structural framework. High, mid, and low cases were 
ranked by performing an uncertainty analysis on the facies property. This resulted in a high, mid, and low pore 
volume for each model. Once completed, the facies models, including other geologic properties, across the entire 
basin were upscaled to reduce the overall cell count while still honoring the geology of the system. The upscaling 
process was necessary to prepare the models for the dynamic simulation.
In order to calculate the CO2 storage resource, it was first necessary to determine the effective pore volume of the 
system. The effective pore volume represents the volume that is available for storage based on geologic properties 
and connectivity. First, the areal extent of the upscaled system models were reduced to include only the parts of the 
injection target which are at a sufficient depth to ensure CO2 remains in a supercritical state and where total
dissolved solids (TDS) values are greater than protected underground sources of drinking water. The facies models 
were clipped to remove ineffective resource or nonreservoir facies. Additionally, the remaining facies models were 
clipped by applying a net-to-gross porosity–permeability cutoff to each model. The porosity–permeability cutoff, 
determined through a connected volumes and property crossplot assessment, were used to eliminate cells in the 
model with poor transmissivity. The resulting volume after the area, facies, and porosity–permeability cutoff 
reductions is the effective pore volume. Figure 1 shows the process of reducing the pore volume of the model. Once 
an effective pore volume was established, the volumetric storage resource was calculated for each system using both 
an open system methodology [3] and a closed system approach [15]. Figure 2 shows the overall modeling workflow. 
The resulting storage efficiencies (E) for each methodology were also calculated.
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Fig. 1. Sequential reduction in total pore volume to the effective pore volume in the upper Minnelusa Formation (the model is shown in Simbox 
(i.e., all of the cells have the same size and thickness). Image from IEAGHG, 2014 [25].
Following the calculation of the volumetric storage resource, the models were prepared for dynamic simulation to 
estimate dynamic storage resource. Figure 3 shows the dynamic modeling workflow. A total of 12 scenarios were 
designed to investigate the effects of injection rate, well spacing, pressure interference, varying lengths of injection, 
horizontal versus vertical injectors, number of injection wells, and extraction of formation water. Each of these 
scenarios was run for both the upper Minnelusa and Qingshankou–Yaojia system models. The impact of geologic 
heterogeneity, CO2-trapping mechanisms, boundary conditions, the number and types of wells, and water extraction 
on CO2 storage resource estimation was also examined and compared. In each simulation run, the entire formation 
extent and overlying formations were included within the models in order to better understand the pressure buildup 
effects. Initially, injection was simulated for 50 years, and then the maximum dynamic storage was estimated by 
running a few cases with continuous injection for up to 2000 years until the maximum storage potential was reached. 
Finally, the dynamic CO2 storage resource estimates, represented by the total mass of CO2 injected for each model, 
were analyzed and compared to the volumetric estimates. It should be noted that for a given case study, both the 
volumetric and dynamic estimates were determined using the same geologic model to ensure the estimates could be 
compared on a consistent “apples-to-apples” basis. 
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Fig. 2. Workflow for the construction of geocellular models to calculate the effective storage resource potential. Each model is then passed on to 
simulation to perform a dynamic effective storage resource estimate. Image from IEAGHG, 2014 [25].
3. Case Studies
Three DSFs were selected for analysis in this study. These three formations comprise two distinct saline systems, 
located in different geographic regions, each with unique depositional environments and geologic properties. The 
first system is the upper Minnelusa Formation located in the Powder River Basin, United States. This system 
consists of aeolian sand dunes cemented and interspersed with carbonates which act as a single flow unit. The 
second study system is made up of two formations, namely the Qingshankou and Yaojia Formations, located in the 
Songliao Basin, China. This system consists of deltaic–fluvial deposits, with good storage properties, separated by 
lacustrine muds with low storage potential. These formations are representative of a linked stacked storage system 
and were modeled as one system, here called the Qingshankou–Yaojia system. Both study areas are in intermontane 
basins; however, the Qingshankou–Yaojia system does not have areas of discharge and recharge while the 
Minnelusa does. These discharge/recharge areas result in the Minnelusa Formation acting more as an open system, 
while the Qingshankou–Yaojia system behaves in more of a closed or semiclosed manner.
4. Results
The open and closed volumetric CO2 storage resource and resulting efficiencies were calculated for each case 
study using the effective pore volume as determined by the geocelluar model. Then, using the same geocellular 
model and effective pore volume, injection simulations were performed to estimate the dynamic CO2 storage 
resource and efficiency for varying years of injection length. Tables 1 and 2 show the resulting storage efficiency 
values for each system.
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Fig. 3. A dynamic modeling workflow was developed for estimating the dynamic CO2 storage resource potential for each case study. Image from
IEAGHG [25].
Table 1. Minnelusa system effective CO2 storage efficiency.
Low High
Volumetric Efficiency – Closed System 0.54% 0.54%
Volumetric Efficiency – Open System 2.9% 11%
Dynamic Efficiency – 50 years of Injection 0.55% 1.7%
Dynamic Efficiency – 200 years of Injection 1.9% 4.3%
Dynamic Efficiency – 500 years of Injection 2.5% 7.9%
Dynamic Efficiency – 2000 years of Injection 3.4% 18%
Table 2. Qingshankou–Yaojia system effective CO2 storage efficiency.
Low High
Volumetric Efficiency – Closed System 0.21% 0.21%
Volumetric Efficiency – Open System 1.3% 10.%
Dynamic Efficiency – 50 years of Injection 0.28% 0.40%
Dynamic Efficiency – 200 years of Injection 0.39% 0.52%
Dynamic Efficiency – 500 years of Injection 0.45% 0.60%
Dynamic Efficiency – 2000 years of Injection 0.62% 0.72%
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5. Discussion and Conclusions
The results of this study found that the use of a volumetric approach can provide a reasonable estimate of a 
formation’s CO2 storage resource potential provided that the appropriate methodology and storage efficiency terms 
are used (i.e., open or closed/semiclosed) and that length of the CO2 injection is taken into consideration. Based on 
the results of these simulations, the upper Minnelusa Formation behaved as an open system, with dynamic CO2
storage efficiency ranging between 0.55% to 1.67% after 50 years, 2.48% to 7.85% after 500 years, and 3.38% to 
17.74% after 2000 years of continuous injection. These efficiencies are similar to the calculated volumetric storage 
efficiency values of 2.9% to 11%. In the case of the Qingshankou–Yaojia Formations, the dynamic approach 
resulted in storage efficiency ranging between 0.28% to 0.40% after 50 years, 0.45% to 0.60% after 500 years, and 
0.62% to 0.72% after 2000 years of continuous injection in cases without water extraction. These are also very 
similar to the calculated closed-system volumetric efficiency of 0.21%. Additional factors, such as heterogeneity and 
water extraction, were evaluated as part of this study. Both of these factors can affect the storage efficiency of a 
formation, with water extraction playing a major role in increasing a closed-system formation’s efficiency, causing it 
to act more as an open system. Water extraction is the biggest single factor that increased storage capacity. Finally, it 
was observed that if only a 50-year time frame is considered, volumetric estimates may be on the optimistic side 
even for open systems; however, it should be noted that this study did not explicitly design simulations to address 
storing the maximum amount of CO2 in 50 years but rather the ultimate storage capacity without consideration of an 
injection time frame limit. 
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